Protein oligomerization contributes significantly to the stability and function of enzymes, 1 and the interacting interfaces that create the oligomers are expected to be conserved. The 2 acetyl-xylo-oligosaccharide esterase, Axe2, from the thermophilic bacterium Geobacillus 3 stearothermophilus represents a new family of esterases belonging to the SGNH superfamily 4 of hydrolytic enzymes, and has a unique doughnut-like homo-octameric configuration, 5 composed of four homo-dimers. The dimers of Axe2 are held together mainly by clusters of 6 hydrogen bonds involving Tyr184 and Arg192, as was demonstrated by site directed 7 mutagenesis. Dimeric mutants obtained by single amino acid replacements were inactive 8 towards 2-naphthyl acetate, indicating the necessity of the octameric assembly for catalysis. 9 The crystal structure of two homologous proteins (PDB 3RJT and 5JD3) reveal the same 10 tertiary fold and octameric ring structure as of Axe2. Surprisingly, these octameric 11 structures appear to be maintained by different sets of amino acids involving Asn183 in 3RJT 12 and His185 in 5JD3 instead of Tyr184 in Axe2. These findings prompt us to investigate five 13 more homologues proteins, which were found to have similar octameric structures, despite 14 significant changes in their key residues. We revealed a conserved quaternary structure, 15 which is maintained via non-conserved interactions. 16 17
Introduction
3RJT protein from Alicyclobacillus acidocaldarius subsp. Acidocaldarius DSM446, is a 150 putative lipolytic enzyme that shares 52% sequence identity with Axe2 and contains 213 151 amino acids per monomer. Superposition of the octameric structures of Axe2 and 3RJT 152 reveals a very good overlap, with an r.m.s.d. value of 0.66 Å for 212 of the 213 residues 153 aligned. The uncharacterized 5JD3 protein was obtained from a metagenome of Lake Arreo, 154 Spain, and shares 54% identity to Axe2 and contains 238 residues per monomer. 155 Superposition of its crystal structure with Axe2 also shows good overlap with an r.m.s.d 156 value of 0.61 for 206 of the 238 residues aligned. A close comparison of key residues in the 157 crystal structures of Axe2, 3RJT and 5JD3 reveals two striking differences. First, both 3RJT 158 and 5JD3 lack the residue equivalent to Tyr184, which was shown to be crucial for 159 maintaining the octameric structure of Axe2. The corresponding residues at this position are 160 Asp183 and His185, respectively. Second, the catalytic loops containing the catalytic Asp and
161
His residues appear to be stabilized in different ways.
162
To characterize the 3RJT protein, we expressed in E. coli a synthetic gene encoding for 3RJT, 163 and obtained the gene product. The purified 3RJT protein exhibited a Tm of 72 o C and 164 appreciable esterase activity towards 2-naphthyl acetate at 30 o C, pH 7 with a kcat of 2.1 X 10 2 165 sec -1 ( Table 2) . The calculated molecular weight of 3RJT is 26,415 Da, and based on gel 166 filtration, the protein is about 200,000 Da, corresponding to an octameric structure. The salt 167 bridges between the dimers in Axe2 also exist in 3RJT, with the corresponding residues 168 Arg54 and Glu104. The main interactions between the dimeric subunits in 3RJT are 169 positioned as in Axe2. However, 3RJT appears to utilize different residues than Axe2 for 170 stabilizing the octamer since it lacks the corresponding crucial Tyr184 residue of Axe2. In 171 3RJT, the side chains of Trp185 (NE1) and Asn183 (ND2) interact with Tyr137 (OH) and the 172 backbone of Phe97 (O), respectively ( Fig. 1B, middle) . Indeed, the replacement Asn183Ala 173 produced a dimer of the 3RJT protein (Fig. 1C) , which, unlike the Axe2 dimer, had a 174 pronounced effect on the Tm of the protein, reducing it from 72 o C for the WT, to 54 o C for the 175 dimer. This dimeric form render the protein inactive ( Table 2) , emphasizing the importance 176 of the octameric configuration for enzyme catalysis, as in the case of Axe2. As with Axe2, the 177 monomers of the 3RJT dimer are held by hydrophobic interactions between residues Leu39, higher for the monomer-monomer interface than for the dimer-dimer interface. However, 180 unlike Axe2, the 3RJT monomer-monomer interface is smaller by 22% than the dimer-dimer 181 interface, nevertheless, the energy to area ratio for Axe2 monomer-monomer interface is 182 0.017 and for 3RJT is 0.021 kcal/(mol Å 2 ), which makes the 3RJT dimer even slightly more 183 stable than Axe2 (Table 3) . 184 The quaternary structure of the 5JD3 protein (obtained from a metagenome of Lake Arreo, with Asp100 (OD2) (Fig. 1B, right) . Thus, 5JD3 demonstrate a third arrangement of 192 maintaining the octameric structure in the Axe2 family. Similarly to Axe2 and 3RJT, the 5JD3 193 dimer is held by the hydrophobic core of its monomers with residues Ala44, Leu41 and 194 Leu198. Unlike Axe2 and 3RJT the area to energy ratio in 5JD3 is the same for the monomer-195 monomer and dimer-dimer interfaces and is 0.01 kcal/(mol Å 2 ) ( Table 3) These structures were confirmed by gel filtration to be octamers (see table 2 ). Table 2 : Biochemical characterization of structural mutants of Axe2 and 3RJT. The melting temperature, Tm, was determined by DSC. Reaction assay contained 200 l of 2-naphthyl acetate (1-20 mM) in isopropanol and 600 l citrate phosphate buffer, pH 7, containing the enzyme. The experimental error for the catalytic constants was +/-5%. Table 4 : Size characterization of Axe2 homologues. Axe2 is given at the top for comparison. The molecular weights (Mw) were determined by gel filtration and the number of subunits was estimated from the Mw. The diameters of the proteins were determined by dynamic light scattering (DLS). All the proteins were active on 2-Naph-OAc. 
